The Allegheny County Sanitary Authority (ALCOSAN) is implementing a regional plan to control Combined Sewer Overflow (CSO) and Sanitary Sewer Overflow (SSO) discharges into receiving water bodies within the greater Pittsburgh region. In order to develop and evaluate alternative conveyance and control facilities to regulate the frequency and volume of CSO and SSO discharges, ALCOSAN has developed detailed hydrologic and hydraulic (H&H) computer simulation models. These models are used to quantify and characterize the amount of flow conveyed by tributary service communities and guide the decision making process by evaluating various alternative control facilities to select the most viable and cost effective solutions. To adequately account for seasonal and annual variability on system-wide flow from the regional collection systems, a long-term continuous simulation modeling approach has been selected and utilized. The accurate representation of the diurnal and seasonal variation in dry weather (or base) flows is an important component of an accurate continuous simulation model. Imprecision related to the representation of wastewater base flow conditions can translate into inaccuracies associated with simulation of wet weather peak flows and volumes and can result in potential errors in the selection and design of control facilities.
The Allegheny County Sanitary Authority (ALCOSAN) is implementing a regional plan to control Combined Sewer Overflow (CSO) and Sanitary Sewer Overflow (SSO) discharges into receiving water bodies within the greater Pittsburgh region. In order to develop and evaluate alternative conveyance and control facilities to regulate the frequency and volume of CSO and SSO discharges, ALCOSAN has developed detailed hydrologic and hydraulic (H&H) computer simulation models. These models are used to quantify and characterize the amount of flow conveyed by tributary service communities and guide the decision making process by evaluating various alternative control facilities to select the most viable and cost effective solutions. To adequately account for seasonal and annual variability on system-wide flow from the regional collection systems, a long-term continuous simulation modeling approach has been selected and utilized. The accurate representation of the diurnal and seasonal variation in dry weather (or base) flows is an important component of an accurate continuous simulation model. Imprecision related to the representation of wastewater base flow conditions can translate into inaccuracies associated with simulation of wet weather peak flows and volumes and can result in potential errors in the selection and design of control facilities.
There are over 400 points of connection to the ALCOSAN interceptor system. Many have physical conditions that make it infeasible to conduct accurate and reliable wastewater flow monitoring and it would be cost prohibitive and unnecessary to monitor for a multi-year analysis period. To perform multi-year continuous simulations, analytical results from monitored dry weather flow periods were extrapolated and applied to locations and simulation periods for which there is no directly monitored wastewater flow data available. The dry weather flows used as input into the model represent an increased level of refinement and accuracy as they were derived directly from time series of monitored (observed) flow data.
This chapter documents the approach, assumptions, and results associated with compiling the dry weather base flows for the multi-year ALCOSAN system-wide models.
Background

Overview of ALCOSAN
ALCOSAN serves the City of Pittsburgh and all or part of 82 other municipalities in the region. The Authority provides wastewater conveyance and treatment to a service area of approximately 305 mi 2 (790 km 2 ) and a service population of over 880,000 people. ALCOSAN maintains approximately 90 miles (144 km) of interceptor sewers, which includes both deep tunnel and shallow-cut interceptors, and a 250 million gallon per day (mgd) (945 million liters per day) secondary wastewater treatment plant. Along the interceptor system are over 300 regulator structures that intercept dry weather flow and control wet weather flow into the ALCOSAN system. ALCOSAN does not have jurisdiction over the collection systems, which are owned and operated by the individual municipalities.
The ALCOSAN authority is in the process of developing and implementing a regional Wet Weather Plan to control CSO and SSO discharges into area water bodies. It has been estimated that there is a multibillion dollar cost for ALCOSAN and its satellite service communities to implement this plan. Opportunities to reduce this cost are largely dependent upon the refinement of the hydrologic and hydraulic characterization of combined and separate sewer systems within the region, the refinement of the control facilities design process, and the customer municipalities working together. Figure 12 .1 shows the ALCOSAN service area and interceptor system. 
ALCOSAN H&H Modeling Program
ALCOSAN has adopted an 'evolutionary', or tiered, modeling approach in that the H&H modeling system is developed in multiple stages. This approach allows the large flow monitoring and modeling costs to be spread out over time and satisfy the changing needs of the large-scale project over the entire project period. The complexity, detail, and cost have been added as required to meet the evolving needs of the planning process. The initial stages of the model development focused in detail on the characterization of the interceptors and major trunk sewer network to enable the characterization of system overflows and to support the maximization of wet weather flow capture for treatment. However, as the models have evolved, a finer level of detail has been added to the various hydraulic and hydrologic elements of the physical system.
The precision of the input data also has been refined as the models have evolved. This includes the use of GIS-based sewershed parameters, highresolution calibrated radar-rainfall data, and a large quantity of quality-reviewed sewer flow monitoring data. Recent refinements include a 7-y continuous simulation from 2000 through 2006 using continuous base flow input data that account for the variability in base wastewater flow (BWWF) and groundwater infiltration (GWI). These evolving models are (and will continue to be) used to quantify and characterize CSO/SSO discharges and develop and assess alternative control facilities.
ALCOSAN Flow Monitoring Program
To ensure the H&H models are accurate and reliable in their representation of the service area, ALCOSAN has developed and implemented and extensive wastewater flow monitoring program which provides data for model calibration and validation.
Since 1993, ALCOSAN has been maintaining a network of portable and long-term flow monitors. These meters have been used for monitoring wastewater flow through sanitary and combined sewers and allow for the characterization of tributary sewershed areas and the quantification of sewer overflow activity. The quantity of data has continually increased as the program has evolved to provide more detailed and refined characterizations. To date, over 3,000 meter-months of data have been collected and analyzed.
There have been two main categories of sewer flow monitoring activities conducted by ALCOSAN:
1. monitoring along shallow-cut interceptors; and 2. monitoring along municipal trunk sewers at or near the point of connection to the ALCOSAN system. Trunk sewer monitoring has been used to characterize individual sewershed areas during both storm and non-storm periods. These meters are generally left in place for approximately one year so that a sufficient number of storms are monitored and seasonal variations are known. These meters are then rotated to maximize the coverage of the ALCOSAN service area. The data are used to quantify and characterize influent municipal flow and derive input parameters for the H&H models such as BWWF, GWI, and rainfall dependant infiltration/inflow (RDII).
Monitors installed along shallow-cut interceptors are left in place for long periods of time (i.e. multiple years) to characterize how wastewater flow over large regional areas changes from month-to-month, season-toseason, and year-to-year. The data are used to verify the hydraulic capacity of specific interceptor reaches, calibrate ALCOSAN's hydraulic models, and for the distribution of base flows to upstream unmonitored sewersheds.
The trunk sewer and shallow-cut interceptor monitoring data provide the necessary information for the additional model refinements that are the topic of this chapter.
Analysis Approach and Results
To support ALCOSAN's evolving modeling approach and facilitate multiyear continuous simulation model runs, accurate representation of the diurnal, seasonal, and year-to-year variation in the dry weather base flows was needed. The task of representing dry weather flows in the models involved the use of the large quantity of quality reviewed flow monitoring data that have been collected. The dry weather flows used as input into the model represent an increased level of refinement and accuracy as they were derived directly from time series of monitored (observed) flow data.
Dry Weather Flow Analyses
For the over 3,000 meter-months of data available, a series of dry weather flow analyses were conducted using CDM's SHAPE software program. The first step in the process was to compile average dry weather flow hydrographs for each site analyzed. For each site, both weekday and weekend dry weather days, not influenced by precipitation and exhibiting typical diurnal patterns, were identified and selected. The incremental 15-minute flow data points for these days were then averaged together for each time step to produce unique average weekday and weekend dry weather flow hydrographs for each flow monitoring location. The accurate representation of these dry weather flow patterns is an important element to the accurate simulation of wet weather peak flows and volumes and was accounted for in all monitored sewersheds in the ALCOSAN system. 
Hydrograph Decomposition
The second step in the analysis involved the process of hydrograph decomposition which was used to disaggregate the flow monitoring data (i.e. total flow during both wet and dry weather periods) into its various components. There are three major components of wastewater flow. RDII represents the wet weather contribution that enters a sewer system during and after a rainfall event. GWI represents groundwater that enters a collection system through defective pipes, pipe joints, leaking manhole walls, etc. BWWF is the residential, commercial, and industrial flow discharged to the sewer system for collection and treatment. BWWF and GWI together comprise the base flow portion of the sewer flow. The goal of the hydrograph decomposition process was to separate out the base flow, or dry weather flow, component from the total monitored flow.
The objective of the hydrograph decomposition process was to adjust the GWI flows to have the RDII flows (difference between the observed flow and the dry weather flow with GWI adjustments) to be approximately zero during dry periods not affected by storms. Specifically, the RDII flows needed to be zero before and after an event. Once this analysis was completed, an output file was created that included a time-series of the actual monitored flows separated into their three components: BWWF, GWI, and RDII. The continuous time-series of BWWF and GWI comprised the dry weather flow information used as model input. Figure 12 .5 illustrates this process.
The results of the hydrograph decomposition process produced a unique time-series of BWWF and GWI for each shallow-cut interceptor and trunk sewer monitoring location. The data extends over a 7-y period (April 2000 -December 2006) and includes over 175 monitoring sites. The large quantity of available wastewater flow monitoring data facilitated these analyses and the corresponding H&H model refinements presented in this chapter. 
Extrapolation of Dry Weather Flows
A long-term model simulation period from April 2000 through December 2006 was selected for the continuous simulation runs using the ALCOSAN system-wide models. This period was selected because it coincided with the calibrated radar-rainfall data available through the regional rainfall system and corresponded to the time frame when the majority of the ALCOSAN shallow-cut interceptor monitoring has been conducted. For these runs, a nearly 7-y continuous time-series of base flows (i.e. k3 lines in SWMM's EXTRAN) were required for each model load point.
The results of the data analyses described in the previous section included a unique time series of BWWF and GWI for each monitoring location analyzed. However, a systematic approach was needed to take the information learned from the 175 monitoring locations that were analyzed and apply it to the 430 load points in the ALCOSAN system-wide model. This approach is described below.
For unmonitored sewersheds:
It is not feasible for all load points in the H&H models to have corresponding flow monitoring sites. This is due to access restraints and hydraulic conditions that result in a site being infeasible for accurate and reliable monitoring. Therefore, the following analysis procedure was developed and implemented for sites that could not be monitored.
The per-capita time-series of BWWF from a downstream regional meter (i.e. shallow-cut interceptor monitor or ALCOSAN WWTP meter) was multiplied by the population of the unmonitored upstream sewershed.
The per-acre time-series of GWI from a downstream regional meter was multiplied by the area of the unmonitored upstream sewershed.
The computed BWWF and GWI time-series were added together to produce a continuous record of dry weather flow for the unmonitored sewershed.
While no observed data is available to verify the quantities of BWWF and GWI extrapolated to unmonitored sewersheds, tributary service area and population served as adequate, representative parameters in assigning dry weather flows to these unmonitored sewersheds. The use of these parameters, and the observed flow rates from a regional downstream meter, allowed for the generation of detailed extrapolated dry weather flows that account for weekday/weekend BWWF patterns and seasonal variability in GWI. While other information such as water usage records and inch-miles of pipe were considered for these analyses, tributary service and population of the unmonitored sewersheds were the two most representative, readily available parameters available for all of the unmonitored sewersheds in the ALCOSAN service area. Figures 12.6 and 12.7 shows the extrapolated results for a representative unmonitored sewershed. Figure 12 .6 (covering a one-month period) illustrates the varying weekday/weekend diurnal patterns that are accounted for. Figure 12 .7 (covering a one-year period) show the seasonal variability in GWI that is represented.
For monitored sewersheds:
Observed weekday/weekend BWWF patterns were used during the monitoring period. The average monitored weekday/weekend BWWF patterns (as described in Section 12.2.1) were applied to unmonitored periods.
The observed GWI time-series (as described in Section 12.2.2) were used during the monitoring period. Adjusted per-acre time-series of GWI from a regional downstream meter were applied to the unmonitored periods (as described in the next section).
The computed BWWF and GWI time-series were added together to produce a continuous record of dry weather flow for the monitored sewershed.
These time-series of dry weather flows for monitored trunk sewers include observed weekday/weekend BWWF patterns and account for seasonal variability in GWI based on monitored trunk sewer and shallow-cut interceptor data.
Refinement of GWI Assigned to Unmonitored Periods for Monitored Sewersheds
A limited number of shallow-cut interceptor monitors and a flow meter at the ALCOSAN WWTP have been maintained on a long-term basis to provide the data to support the long-term model simulations. However, it is not feasible or cost effective for all flow monitoring locations to be maintained throughout the 7-y simulation period. Therefore, the following analysis procedure was implemented for periods when monitoring equipment was not deployed at model load points. A series of analyses were conducted to verify that sewershed area was a representative parameter for the extrapolation of GWI for unmonitored periods. The observed GWI for each individually monitored sewershed was compared to the extrapolated GWI from a regional meter for the same time period. The bias (if any) was quantified and applied to the extrapolated dry weather flows for the unmonitored periods. The comparison results showed that, for some sites, sewershed area was representative of the quantity of GWI. For other sites, sewershed area was not representative and adjustment factors had to be applied to the extrapolated dry weather flows. Figure 12 .8 shows the results of a monitored sewershed where tributary area was a representative parameter for the extrapolation of GWI. Figure 12 .9 shows a monitored sewershed where area was found to be under-estimating the quantity of GWI and required the usage of an adjustment parameter in the final extrapolated data set.
Conclusions and Lessons Learned
The accurate representation of dry weather flows was needed for an accurate H&H long-term continuous simulation model. Imprecision in the representation of these dry weather flows can translate to errors in the simulated results. Many of the sewersheds in the ALCOSAN system (and corresponding model load points) cannot be monitored due to physical and hydraulic limitations. In addition, financial constraints limit the duration of available data. The extrapolation method described in this chapter was developed and implemented to fill the gaps in the needed data.
The accurate representation of dry weather flow is critical to the development of ALCOSAN's wet weather control strategy. A combination of long-and short term flow monitors was successful in providing the required data within the physical and financial constraints. The extrapolation of base flows based upon this monitored data allowed for a continuous timeseries of representative dry weather flows for every point of connection to the ALCOSAN system. The analysis results allowed for a 7-y continuous simulation model that accounts for variability in BWWF and seasonal variation in GWI.
This accurate representation of dry weather flows will be critical in model simulation runs supporting the Wet Weather Plan and CSO/SSO facility design. This is particularly true for the design of storage/flow equalization facilities where release rates are dependant upon available hydraulic capacity in downstream sewer systems. The long-term continuous simulation approach used in the ALCOSAN H&H modeling program now accounts for the impacts of back-to-back storms and the seasonal variability in base flow (and its impact on available hydraulic capacity).
